We discuss the expected future needs of the Brazilian electric grid operators for High Voltage Direct Current (HVDC) transmission lines against the background of a changing electricity sector in Brazil. On account of the spatial mismatch between the additional generation potential and the expected future electricity demand, a need for investments in long-distance transmission capacity is postulated. Due to the low losses incurred, HVDC technology is particularly suitable for this. For the analysis, we use different expansion scenarios for the year 2035 that are mainly based on hydropower or alternative renewable energy sources (primarily wind and solar power).
Introduction
Renewable energy sources (RES) account for 70% of installed power generation capacity in Brazil (2014) , of which large hydropower plants represent 63% (EPE, 2015) . This situation is due to the country's socio-economic and geographical characteristics: its largest urban and industrial centers have developed near to the large Paraná River basin in the Southeastern and Southern regions, which has a huge potential for hydropower generation. Being able to generate renewable energy at low cost near to demand centers such as in the federal states of São Paulo, Minas Gerais, and Rio de Janeiro, and by storing large amounts of energy in vast water reservoirs, the country has managed to abstain from installing major thermal power plants (ANEEL, 2008) . However, the current hydrothermal energy system is approaching its limits and probably will be unable to meet the growing future demand (Ministério de Minas e Energia, 2007) . In particular, the hydroelectric potential available near to load centers (Southeast and South regions) is essentially depleted (ANEEL, 2008) .
Despite the decrease in electricity consumption caused by the present economic slowdown 1 , we anticipate a return to pre-crisis growth rates in electricity consumption of 4% p.a. in the long term. Brazil's per capita electricity consumption was 2,229 kWh in 2013, which is considerably lower than that of developed countries like Australia (10,218 kWh per capita and year) (IEA, 2014) and even lower than the average of upper-middle income countries -including Brazilwith 3,214 kWh per capita and year (World Bank, 2016) .
As a result, Brazil is entering a transition phase towards a new energy supply system. Policies have been implemented to foster generation using further RES besides hydropower. In the Brazilian context these are often referred to as alternative renewable sources. The shares of wind power and biomass generation have been growing in the country's energy mix for some years (EPE, 2013a) . Major solar power projects have been successfully auctioned for the first time in the country's history . Less prominent is the development of small hydroelectric power plants, which are being built to tap potential in places where larger hydroelectric plants would not be suitable. The coasts of the Northeastern and the Southern regions have a high wind energy potential and the strong and constant solar irradiation is promising throughout the country as well; yet the biggest unused potential for renewable energy generation remains the hydropower potential, in particular that of rivers in the Amazon rainforest, which are, however, often distant from major load centers (Pereira et al., 2012) . To
• The South (S) region is highly urbanized. It has a relatively high standard of living and the second-largest economic output in the country.
The Southeast region, with its high population and economic importance, consumed 53% of the total electric energy produced in 2012. Particularly the state of São Paulo has a high need for electricity: it accounts for 29.8% of the total demand in Brazil. In general, the electric consumption varies largely across the country, mostly concentrated in the wealthier South and Southeastern regions. Brazilian electric energy consumption also varies seasonally. The highest maximum demand values are regularly expected in summer, i.e. between January and April.
The peak power demand is about 10% higher in this period than during the rest of the year (EPE, 2013a).
Most hydroelectric power plants have been installed in the South and Southeast regions, near to the consumption centers, and much of the potential for hydropower generation in these regions is already being used. Most of the remaining hydroelectric potential is located in the North and West-Central regions, in particular in the states of Amazonas (31,037 MW) and Mato Grosso (30, 115 MW) . In the state of São Paulo, an expansion capacity of only 4,065 MW remains. The total remaining potential for hydropower generation is about 156,041 MW. It is estimated that 73% of the remaining potential is situated in the North or in the West-Central 4 regions, and is thus far away from the consumption-intensive regions (ANA, 2005; ANEEL, 2015) .
Since 2002, when the laws regulating PROINFA (the government program designed to foster RES other than hydroelectric) were enacted, wind power began playing a role in the Brazilian electric sector. The program's first goal of 1,100 MW of installed wind power was exceeded, and the program helped the country to gather the technical expertise and economic scale for an independent development (Dutra, 2008) . The total installed wind power had reached 4,452 MW by 2014 (ANEEL, 2015) . Unused wind power potential can be mainly found in the coastal states of Brazil in the Northeast, Southeast, and South. Brazil has also a large potential for solar power generation throughout its territory, which is currently hardly used. The yearly average solar irradiation varies between 1,898 kWh/m 2 in the South region and 2,153.5 kWh/m 2 in the Northeast (Pereira et al., 2006) . As a comparison, in Germany, a country that takes a leading role in the promotion of solar energy, the yearly average solar irradiation varies between 1,087 kWh/m 2 and 1,264 kWh/m 2 (Šúri et al., 2007) .
To determine the need for HVDC transmission lines in 2035, the electricity demand for this horizon must be established. Particularly important is the spatial distribution of this demand, since it primarily affects the number of transmission lines required. In this paper we extrapolate the average regional electricity growth rates of the period 2008 -2012 2 for the period 2012 -2022 in such a way that the national growth rates match the rates forecasted by EPE (2013a). This is done based on the assumption that social and economic trends specific to each region will return to the pre-economic crisis level over the next decade.
Figure 1 also shows the estimated values for additional electricity demand up to 2035. Only the additional electricity demand is relevant in our analysis, since we assume that the current demand is being fully met with actual electricity production and transmission lines. Any need for additional (HVDC) transmission lines only depends on future additional electricity generation and consumption, and the resulting energy mix including its spatial properties.
There is a spatial mismatch between the RES power potential and the expected increase in electricity demand up to 2035. With or without the further expansion of hydropower capacity, the immense storage capacity of the hydrothermal energy system, which is large enough to absorb the volatile availability and limited predictability of RES (Dester et al., 2012; Steinberger, 2012) , supports the integration of high shares of alternative energy sources (wind and solar power) in the power matrix. Regional seasonal complementarity of wind-and 5 hydropower can increase the available storage capacity further (Amarante et al., 2001a) .
Currently, there are two HVDC transmission lines in operation in Brazil, and another one is still under construction ( Figure 2 ). All three transmission lines were conceived in order to connect large hydroelectric power plants (Itaipu, Sto. Antonio/Jirau/Samuel, and Belo Monte) with the Southeast region, in particular with the state of São Paulo (EPE, 2013a). 
Methodology
The objective of our study is to identify the need for HVDC transmission lines in Brazil, as well as the associated costs, with regard to the energy mix in the year 2035. While many possible transmission grid designs are conceivable for each scenario, this paper seeks an optimal solution that enables the distribution of power originated from RES throughout the country, while minimizing transmission costs.
A two-step approach is taken in order to find the grid design that fits these criteria best. First, a linear optimization is performed to find a minimum-cost transmission design. The optimal design is determined for a large set of possible combinations of installed generation capacity of hydropower, wind power, and solar power. To account for seasonality in the available power of these sources and in power demand, the first and the second half of the year are subjected individually to optimization. The minimum-cost transmission designs are then further scrutinized, using criteria explained later, in order to determine whether these results actually correspond to a credible need for HVDC under the corresponding assumptions.
The formulas used to calculate the value of the cost components of HVDC transmission lines are taken from Sousa et al. (2013) , which are formulas adjusted for Brazilian conditions by 
Modeling the power transmission grid
The planning of a transmission grid is known to be a complex optimization problem. Due to the exponentially increasing number of possible solutions with a growing network, the process of comparing solutions cannot always be solved with traditional linear optimization techniques.
Particularly the non-linear characteristics of this task can result in suboptimal solutions that might erroneously be taken as the best solution (Gallego, 1997 ).
On the one hand, there have been attempts to develop algorithms that overcome the non-linear constraints of the problem, such as the Simulated Annealing Algorithm (Gallego, 1997) and the Hybridization Algorithm (Toole et al., 2010) . The former avoids sub-optimal solutions by temporarily allowing itself to explore sets of solutions that seem worse at first, while the latter uses the results of simulations to discover promising alternative solutions. On the other hand, there have been other attempts that aimed at simplifying the optimization by linearization. An analysis by Wiernes et al. (2014) describes an optimized pan-European power system for 2050.
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The optimization methodology was designed to regard the power expansion planning as a linear problem and to consider a high amount of renewable power sources as well as storage facilities in the grid (Wiernes et al., 2013) . can be attributed to the missing inclusion of reactive power elements of AC transmission lines (Toole et al., 2010) . Although the WinDS model may provide suboptimal solutions when considering a full electric transmission system composed of AC and DC components, we use
WinDS as a basis for a linear optimization in the planning of new long-distance HVDC lines.
For such an application the model is expected to provide adequate solutions, due to the natural linear characteristics of HVDC lines, the long distances involved, and the limited need to consider the existing grid.
The goal of this paper is to determine the optimal transmission capacity between the different regions in Brazil. To achieve this, the WinDS model has been adapted to the concrete situation at hand. The used model is specified as follows:
) , ) ≥ , ⋁ , = 0 with ∀ ∈ , ∈ (6);
. , ≥ 0 with ∀ ∈ "# , ∈ %&'( (9)
The decision variable , represents the amount of installed generation capacity between regions and , while , represents the length as an approximation of the costs. represents all nodes in the grid, composed of the regions with surplus generating capacity "# and the regions with a power deficit %&'( . The possibility for power generation with non-renewable sources within the regions is also considered, but this is only done when there is insufficient renewable capacity given to fulfill the demand. To take this into account, the non-renewable generation capacity given by is included in the objective function (1) and multiplied by .
The power flow , between and needs to be smaller or equal to the transmission capacity , (2); the flow leaving regions with surplus needs to be equal to the surplus renewable power
(3); and the flow arriving at a region with power deficit needs to be equal to the demand $ (4). The regional demand $ is defined as the actual regional demand $minus the nonrenewable generation capacity installed in the region (7). The regionally available power is defined as the difference between the power from RES and the surplus . This accounts for the economic disadvantage of building a transmission line for a very low power flow.
Optimization program
Since the transmission capacity optimization model represents a minimum-cost network flow problem, with the special characteristic of exhibiting a bipartite graph (two groups of regions considered: those with surplus power and those with power deficit), it can be optimized like any generic transportation (Hitchcock) problem, as described in Bazaraa et al. (2010) .
Constraints (7) and (8) can be seen as dummy nodes, needed in case the total supply is different from the total demand.
To fulfill the task of optimizing the HVDC transmission capacities of all considered combinations of renewable generation scenarios, the HVDC Transmission Capacity
Optimization Model (HVDC-TCOM) was developed using MS Visual Basic .NET. A simplified representation of the HVDC-TCOM (flowchart) can be seen in Appendix B.
The model has three layers:
• the interface layer, which handles the interaction with the user and with input and output files;
• the main module, which processes the different functionalities of the model and prepares the variables for the optimization; and
• the transportation problem optimization module, which optimizes any generic transportation problem.
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The graphic interface of the HVDC-TCOM is depicted in Figure 3 . The program has three main functionalities: it can optimize the HVDC transmission line design for a specific (single) scenario, it can optimize a given set of scenarios, and it can perform a sensitivity analysis for certain parameters. Some input parameters need to be configured on the graphic interface, while others are loaded from an external configuration file. This allows greater flexibility, but also repeatability of the optimizations.
The algorithm for a single optimization is straightforward. The main module of the program loads the input parameters from the graphic interface. The regional values for the demand are multiplied by a seasonal factor, while the regional supplies are multiplied by their respective seasonal capacity factors. The demand is then subtracted from the supply. Regions that keep a surplus of power supply are added to the group of nodes "# , while the regions with a deficit are added to %&'( . For each region in "# , the renewable surplus is defined as , while for each region in %&'( , the deficit is defined as $ -. These variables are then loaded as parameters into the transportation problem optimizer, which delivers the optimized capacities for the HVDC transmission lines. The result is then displayed on the screen.
Figure 3: Graphic interface of the HVDC Transmission Capacity Optimization Program (HVDC-TCOM)
A multiple optimization is structured with three outer loops for each considered renewable energy source. The program starts with the total available renewable power equal to zero, and from there increases each power source stepwise, so that in the end all possible combinations have been optimized. The program loads the parameters at each iteration in the same way as it is done in the single optimization. After all combinations have been tested, the results are stored in an output file.
A further functionality of the HVDC-TCOP is the possibility to execute a sensitivity analysis.
This analysis adds an additional loop cycle to the multiple optimizations. It executes the multiple optimizations for each parameter variation which the user wishes to investigate. The transportation problem optimization is an independent module which can solve any generic transportation problem, including the HVDC transmission line capacities.
The first step in optimizing a given set of supply and demand nodes is to verify whether the supply equals the demand, fulfilling the flow conservation rule. If it does not, a dummy node is created. If demand exceeds supply, the dummy node is connected to all deficit nodes, whereas if supply exceeds demand, the dummy node is connected to all surplus nodes.
The second step is to establish a first basic feasible solution. This is done with the Northwest Corner rule, which defines all basic variables by simply selecting arcs between adjacent nodes in the transportation tableau, so that at least one of the connecting nodes is freed from its surplus or its deficit. Special attention needs to be given to the case were both nodes connected to the selected arc have equal supply and demand values. This reduces the number of natural basic variables by one, requiring the addition of a basic variable with value zero to the basis. This constitutes a degenerate basic feasible solution.
The HVDC-TCOP uses the matrix transport (m,n) to store the transportation tableau. The costs per arc are stored in the costs(m,n) matrix, while the basic variables are defined in the Boolean matrix Bgrid (m,n).
The first basic feasible solution found must be verified for optimality, and possibly be improved upon. This is achieved using the dual z-criterion. The dual decision variables U(m) and V(n) are calculated using the basic variables, to then establish the ∆1 values for the non-basic variables (Zgrid (m,n) ). If all ∆1 are equal or greater than zero, the solution is optimal, and the optimization is therefore completed. If, on the other hand, any ∆1 is negative, this means that the solution found is not yet optimal. The non-basic variable with the smallest negative ∆1 is the most promising candidate for a new basic variable. The cycle formed by basic arcs with the candidate variable is found using recursion and backtracking 3 . A cycle found is stored in the
StepWay(m,n) matrix, and the StepPhi value is determined. This is the value of the basic variable, which is removed from the basis, and the new value of the new basic variable. The new basic and feasible solution is then again tested for optimality with the dual z-criterion. If this is not the case, then a new basic variable must be introduced. This is repeated until the optimal solution is found.
Basic assumptions and parameters used
To simplify the optimization, only the power supply and demand of the regions of Brazil are being considered. Since the load and generation centers of most regions are over 1,000 km apart from each other, a HVDC connection may be needed between each of them if a relevant amount of power is to flow between them. As can be seen in Figure 4 , the following seven potential transmission lines are being evaluated: North-Northeast, North-Southeast, North-West-Central, Northeast-Southeast, Northeast-West-Central, West-Central-Southeast, and South-Southeast.
If the optimization establishes a power flow between the North or the Northeast to the South, it adds this value to the connection South-Southeast.
Figure 4: Potential HVDC transmission lines in Brazil
It is hard to determine the exact starting and ending points of potential HVDC lines.
Furthermore, there may be multiple HVDC projects connecting the regions, starting and ending in different locations. To simplify matters, we consider certain reference points for calculating the length of the transmission lines. These reference points are either a geographical midpoint or an especially well-placed and interconnected grid substation (SS) near the main generation and/or consumption hubs.
Both demand and available supply vary throughout the year, depending on seasonal features such as temperature, rain, wind speed, and solar irradiation. To consider this effect, we simulate each combination of hydropower, wind power, and solar power twice. One simulation takes into account the conditions of the first half of the year, whereas the other considers the second half of the year. Consumption in Brazil is higher in the first half of the year. The algorithm, therefore, takes a higher factor for the first and a lower factor for the second half of the year.
The program calculates the power flows for an additional unit of hydropower capacity installed between 0 and 150 GW, for an additional unit of installed capacity of wind power between 0 and 130 GW, and for an additional unit of installed capacity of solar power of either 0 or 100 GW (Table 1) . These values are within the natural limits of the country. The optimization routine varies the available hydropower supply in steps of 10 GW and the available wind power supply in steps of 8.6 GW. At each iteration, the regional available supply is varied proportionally to the regional potential.
For each considered power source, different capacity factors are considered for the two periods.
The capacity factor for hydropower in Brazil is around 0.5 (calculated using the average of four plants of each region), but since mainly run-of-river plants are expected to be built, the yearly average should drop slightly. Furthermore, the seasonal differences were estimated based on PDE 2023 (EPE, 2013a) as well as on a report on the seasonal river flows (ANA, 2005).
The regional and seasonal capacity factors for wind power were obtained from the Wind Power Potential Atlas (Amarante et al., 2001b) , while the regional and seasonal capacity factors for solar power were estimated by multiplying the capacity factor for solar power in Germany 4 by the proportion between average solar irradiation in Germany (1,087 kWh/m 2 -1,264 kWh/m 2 (Šúri et al., 2007) and the solar irradiation in each Brazilian region for each period. Further, a minimum regional baseload power is considered. Baseload power plants (mainly fossil-fueled, but in the present case also biomass power plants and other power sources) need to be available at all times. Power demand factor, January -June 1.1 1.1 1.1 1.1 1.1 -Power demand factor, July -December 0.9 0.9 0.9 0.9 0.9 -Extra installed hydropower capacity (MW) 0 -70,000 0 -10,000 0 -45,000 0 -15,000 0 -10,000 0 GW -150 GW Capacity factor for hydropower, January -June 0.5 0.5 0.5 0.5 0. The minimum power flow needed for a potential HVDC line is set at 1,500 MW, corresponding to a 75% utilization rate of the smallest considered HVDC project of 2,000 MW of rated power.
If two regions are already connected via HVAC lines, or if geographical characteristics make an AC line for smaller power flows possible, the connection threshold is considered to be 0 MW. Regions far apart (North-Southeast; West-Central-Northeast) can only be connected via HVDC lines with a considered threshold of 1,500 MW.
The simulation model assumes a grid priority for the three sources considered. Nevertheless, some combinations may leave some regions with an unmet power shortage. In our study we leave it open as to how this power deficit should be balanced, provided power is generated within the region, most likely with fossil-fuel power, nuclear power, biomass power, or some other power source. The need to transmit power from these sources is not considered, since fossil-fuel power stations can be implemented near consumption centers.
Evaluation
The HVDC-TCOM establishes the optimal transmission capacity between Brazil's regions for each combination of hydro-, wind and solar power. Although these values only serve as a guidance, they do not necessarily portray all realistic situations. The optimization of transmission capacity increases by each iteration the amount of installed capacity of a specific power source proportionally with each region. Yet a situation where one or more regions have disproportionate amounts of installed capacity is thus not being considered. In order to account for this scenario, the present paper did not evaluate each combination individually. Instead, 16
broader scenarios were examined, considering:
• Low (0-75 GW) and high (75-150 GW) additional hydropower capacity;
• Low (0-65 GW) and high (65-130 GW) additional wind power capacity;
• Low (0 GW) and high (100 GW) additional solar power capacity.
Therefore, we can assume that a scenario is unlikely where a power source's potential is strongly utilized in one region, while being under-utilized in another. An additional argument in favor of this simplification is the fact that the power sources do not have a constant available power, but are susceptible to seasonal and -to a certain extent -random variations, which means that the actual available power for transmission will vary within a certain error margin around the original combination. As a result, dividing the combinations into broader scenarios produces a better estimate of the need for HVDC.
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The optimized transmission lines for each combination of power sources is considered as a discrete possible value for the power flow, which is as likely as the values of other combinations within a certain scenario. This consideration serves as a basis for determining whether a HVDC connection is needed and, if so, how this connection should be scaled to suffice this need.
The main criteria for assuming the principal need for a given HVDC connection is defined as it having a median point higher than the threshold of 1,500 MW in at least one of the two periods of the year. A median equal to or higher than 1,500 MW means that at least 50% or more of the combinations provide flows higher than this threshold, which is defined as the minimum power flow for a HVDC connection to potentially make economic sense 6 .
A second step was to investigate the effects of different power ratings. The power rating not only influences the utilization rate of the HVDC line but also the potential energy that the line can transmit. Figure 5 shows for an exemplary 3D representation of power flow in relation to installed hydropower and wind power that if a capacity rating is defined at a lower value than the highest power flow, then the peak power value is cut off, i.e. the maximum power through the HVDC line is the rated capacity. As a result, the expected power flow through the considered connection drops. In general, the lower the power rating, the higher the utilization and thus the lower the unitary energy costs. In the opposite case, the higher the power rating, the more power can flow in peak combinations, but with reduced overall utilization and higher costs.
No capacity rating Capactiy rated at 8,000 MW
Figure 5: Exemplary power flows for rated and non-rated transmission capacity
The expected average flow 2 3 through the connection for a given scenario is given by 2 3 = 1 2 • 7 82 9 : ; < + 2 9 = ; <> ?: with 2 9 @ ; < = A 2 @ ; <, 2 @ ; < ≤ 2 B 2 B , 2 @ ; < > 2 B ∀ ∈ D1,2E 2 9 @ ; < describes the average power flow in half year i, 2 B the rated power capacity and N the number of discrete flow combinations within a scenario. The utilization rate F is defined as
For the purpose of estimating the cost of the HVDC project, two power ratings (where possible)
were set for each scenario, with F : = 50% and F = = 75%. The lower utilization rate of 50% enables the highest energy flow, which might be interesting or even required in certain circumstances. The higher utilization rate of 75% might be interesting as well, especially due to better returns on investment (through a lower energy price).
The formulas used to calculate the value of the cost components of HVDC transmission lines are taken from Sousa et al. (2013) , see Appendix A. The annual costs are calculated by using an interest rate of 10% and a lifetime of 30 years. Moreover, all values were multiplied by a factor of 1.15 to account for inflation between June 2012 and December 2014.
Additionally to the technical and economic criteria, the feasibility of HVDC transmission line is further tested by generally checking for possible obstacles to the construction of HVDC overhead lines, e.g. mountainous terrain, rivers, special vegetation or protected areas. Further consideration is given to alternatively using HVAC transmission lines or HVDC/HVAC hybrid designs. As has been stated earlier, all regional load or supply centers are distant enough for HVDC to be the better alternative for the common case. Nevertheless, a side effect of HVDC connections is that power producers and power consumers located between the terminal stations are separated from the transmission line. If a transmission line needs to pass near to highly populated areas or to areas of high power generation potential, an HVAC transmission line or HVDC/HVAC hybrid design can be seen as possible alternatives as well.
Results
The expansion of hydropower distant from demand foci is identified as a possible main driver for the grid expansion with HVDC (see Figure 6 ). Increased wind power capacity reduces the need for long distance transmission, whereas the assumed expansion of solar power has little relevant impact. The Southeast region has an even larger deficit in RES supply, and thus needs to import power from the North as well as from the West-Central regions. Assuming a low wind power development, a transmission capacity of up to 10.8 GW between the North and the Southeast would be used at a 50% rate (mainly in the rainy part of the year), or with a capacity of 5 GW at a 75% rate. The deficit in the Southeast could be further met with hydropower from the North, but the added HVDC transmission line would mainly be used during the rainy season, resulting in a 50% usage rate (at a capacity of 11 GW). As stated already, a high wind power development would reduce the transmitted hydropower electricity to the Northeast, making more power available for the Southeast. Thus, more HVDC transmission capacity would be needed between the North and the Southeast in a scenario of high wind power development (75% utilization at a capacity of 13.6 GW).
HVDC lines connecting the North or the West-Central regions to the Northeast or the Southeast region would traverse dense tropical forest in the North/West-Central regions (IBGE, 2006b) .
In particular, the Amazonian rainforest is a challenging environment in which to build a transmission line. The region has a high density of rivers that would need to be crossed by the overhead lines. Furthermore, the forest itself would need to be cut down around the path of the line, causing additional costs and environmental concerns. Logistics is also a big issue, due to the regions' low density of roads and the reduced space in the forest for construction equipment (M&T, 2012) . Nevertheless, the connection remains feasible, as the construction of the Belo Monte HVDC line shows. The costs of building in the rainforest are difficult to estimate and lie beyond the scope of this study. Further obstacles are large protected indigenous territories in the North, some mountainous areas between the North and the Northeast, and the Brazilian central plateau in the West-Central region (IBGE, 2006a) . These areas might have to be partly circumvented, resulting in additional curves in the path of the lines. The existence of HVAC lines in these areas shows that these geographical challenges can be overcome.
Almost all the power that would be transmitted in North-Northeast, North-Southeast and West-Central-Southeast HVDC transmission lines would be both generated and consumed near the terminal substations. As a result, a hybrid HVDC/HVAC system or HVAC lines are no reasonable alternatives, as their advantage of allowing additional power to enter the line or additional power to leave the line is not relevant in this case.
Furthermore, a possibility exists to build HVDC transmission lines between the Northeast and the Southeast, in order to enable the export of RES power from the Northeast to the South.
Although this would be a good complement to the seasonality of hydropower, the simulation showed only low power flows between the regions (2-3 GW at 50% utilization). Further, if an HVDC line were to be built to connect the Northeast to the Southeast, the main challenge would be to surpass several mountain chains in the state of Minas Gerais in the Southeast (IBGE, 2006b ). Considering the high unit energy costs as well as the geographical challenges, a connection between the Northeast and the Southeast seems disadvantageous overall.
Since the South region is more distant from the West-Central than from the Southeast, the South only receives from the West-Central power that exceeds the deficit in the Southeast. A transmission capacity is optimally installed for very high hydropower generation that suffices the power demand of the Southeast, or enough installed solar power and wind power capacities to reduce the reliance of the Southeast on the West-Central. If that is not the case, then the South will be forced to use other sources, such as thermal power plants. The wind power potential in the region only satisfies the power needs of the South at a high development level, in combination with a strong solar power development.
The main route hindrance to the South is posed by the Pantanal wetlands (IBGE, 2006c) . Not only would a line through this area impact heavily on the local environment, but the wet surface would harden and partially prevent the construction of overhead lines. Detours are possible, but the lines would have to go through the urbanized state of São Paulo. Under these circumstances, the inability of HVDC systems to exchange power along their route could become a serious hindrance. A hybrid HVDC/HVAC system may be a more appropriate alternative to also supply areas between the terminal stations.
Conclusion
In light of increasing electricity demand and imminent limits of the present electricity market with predominantly large hydropower plants near to load centers, Brazil has to expand and diversify its electricity mix. This paper investigates the amount of additional HVDC transmission capacity needed in several expansion scenarios of RES over the period 2015-2035. Scenarios of weak and strong expansion of hydro-, wind, and solar power are used as parameters of an HVDC transmission capacity optimization. The actual need for transmission lines was assessed by using both technical and economic criteria. Alternatively, run-of-river plants can provide the necessary power during the rainy seasons.
Yet, as stated already, a hydropower expansion would in turn increase the need for HVDC lines.
The expansion of solar power shows mixed results. Such an expansion reduces the power deficit in some regions, thus decreasing the need to import power, while producing a larger power surplus in other regions, thus enabling a higher export of power. These combined effects have little influence on the need for HVDC transmission lines. The large potential of solar power evenly distributed throughout Brazil allows a great flexibility regarding the choice of where the projects should be placed and, depending on the distribution of the installed capacity, the overall effect can be shifted in both ways. In particular, a high concentration of solar generation capacity in deficit regions would reduce the need for HVDC transmission lines.
In sum, the present results call for a stronger utilization of alternative RES besides hydropower.
An expansion of the hydropower capacity would most likely entail high transmission costs (apart from the environmental impact), whereas the expansion of wind and solar power (and likely biomass and small hydropower) capacities is potentially less costly if a holistic approach for the Brazilian energy system is adopted. Yet this leads to the question of the optimal distribution of the generation capacities in order to ensure least cost in generation and transmission, which remains however, way beyond the scope of this article. 
Source: Sousa et al. (2013) In eq. (1), the annual costs per km for the overhead line are calculated using the voltage R of the system, the conductor section S : per pole (in MCM) and the number of conductors per poles N. The actual cost of the station is further annualized with the payback factor k; the yearly O&M costs of 20% of the line's total costs are added. The factor 1.1 takes interest rates during construction into account (Nolasco et al., 2009) . 
